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1. INTRODUCTION 

Bioreactors are vessels used to provide a controlled environment, and allow efficient growth and 
formation of a product, that is, bioreactors produce the conditions necessary for a biological system. 
Generally, the main variables controlled in a bioreactor are pH, temperature, humidity, oxygen distribution, 
concentration of salts, among others. Also, bioreactors are used to produce enzymes, antibodies, treatment of 
polluted air, wastewater treatment, and cultivation of some type of plant [1]. For this reason, a control system 
is needed, which provides the necessary conditions to ensure the growth and development of the product 
within the bioreactor. Currently, there is a great variety of control systems, which can be used to control a 
process, for example, artificial neural networks, proportional integral derivative (PID) control, robust control, 
sliding modes, programmable logic controllers (PLC), fuzzy logic controller (FLC), among others. The 
necessary requirements for the implementation of a control system in a process must be analyzed (for 
example, mathematical model of the system or control system cost). Also, the difficulty of the 
implementation of a control system is directly related to the difficulty of the process. Fuzzy controllers have 
been used for many types of processes, for example, reducing the degree of difficulty and increasing the 
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precision in determining the degree of diabetes [2], trajectory tracking and vibration control of a flexible joint 
manipulator [3], improvement of the performance of a wind generator system connected to the grid [4], [5], 
modeling and simulation of the monitoring of the maximum power point used in photovoltaic systems [6], 
[7], operation of a photovoltaic panel at the maximum power point to increase efficiency to provide the 
proper current and voltage to charge a battery [8], prediction of vehicle crash rate based on traffic level, 
speed limit and surface friction [9], among others. In this paper, a FLC is used to control the humidity 
percentage of a bioreactor, which is used to grow bonsai, since some types of bonsai need special conditions 
for their growth, since they are cultivated in a place or climate different from their place of origin. A FLC 
does not need the mathematical model of the system since the knowledge of people is used to control the 
process. It uses linguistic expressions to define the conditions of the process and control action [10]-[13]. 
Therefore, the design and implementation of this type of controller does not have a high degree of difficulty. 
The structure of the paper is as follows, section 2 presents the procedure for the design and implementation 
of the FLC, section 3 presents the experimental and simulation results of the FLC, section 4 presents the 
characteristics of the implementation of the FLC, the sensor and actuators used in the bioreactor, the design 
of the bioreactor, and the electrical diagram of the bioreactor, and section 5 presents the conclusions. 


2. CONTROLLER DESCRIPTION 

In this proposal, a mamdani type FLC is used, which uses the fuzzification, inference, aggregation 
and defuzzification stages. Figure 1 shows a block diagram of the controller structure [14]. Figure 2 shows a 
block diagram of the FLC used to adjust the percentage of humidity in the bioreactor. A sensor is used to 
measure the percentage of humidity in the bonsai pot, and two actuators are used to adjust the percentage of 
humidity, the first actuator is a stepper motor connected to a water tap, which is used to increase humidity, 
and the second actuator is a DC motor connected to a propeller, which is used to reduce humidity. This 
manner, if there is an error regarding the desired humidity percentage, the FLC will use one of the actuators 
to adjust the humidity percentage. The FLC uses two input variables to perform the humidity control, the first 
is a signal defined as “error”, which is obtained from the difference between the desired value and the real 
value of the humidity percentage at that moment. The second is a signal defined as “derivative of the error”, 
which is obtained from the difference between the value of the current error and the value of the previous 
error. Also, this variable is used to smooth the response of the FLC and not have the system stressed. The 
value of the variable “error” and the variable “derivative of the error” are determined using (1) and (2), 
respectively. The FLC uses the signal defined as “actuator” as the output variable. The MATLAB™ script 
and fuzzy logic toolbox™ were used for the design of the FLC, and the Arduino Uno board was used for its 
implementation. Finally, 50% (desired humidity percentage) humidity is needed in the bonsai pot for the 
bonsai to grow properly. 
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Figure 1. FLC block diagram 
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where: d(e(t)) is the derivative of the error, e(t) and e(t-1) are the current error and the previous error of the 
process, respectively. Hrfand Hb/are the current humidity and the desired humidity, respectively. 


2.1. Fuzzy sets for the input and output variables of the FLC 

The universes of discourse used for the input and output variables of the FLC are as follows: the 
variable “error” uses a range of values from -50 to 50, the variable “derivative of the error” uses a range of 
values from -50 to 50. These ranges are because the maximum change of the humidity percentage in the 
bioreactor is 50%. The “actuator” variable uses a range of values from 0 to 100. This universe of discourse is 
used to define the working ranges of the actuators. Additionally, triangular fuzzy sets were used to define the 
fuzzy sets in the universes of discussion for inputs and output variables. This type of fuzzy set allows to 
determine the degree of membership in a simple way. To find the number of fuzzy sets for each input 
variable, an analysis of the variation of the percentage of humidity was carried out, having as a result that the 
percentage of humidity increases rapidly and decreases slowly. Therefore, five fuzzy sets were proposed for 
the variable “error” labeled as negative error (NE), negative mean error (NME), zero error (ZE), positive 
mean error (PME) and positive error (PE). Also, five fuzzy sets were proposed for the variable “derivative of 
the error” labeled as negative derivative (ND), negative mean derivative (NMD), zero derivative (ZD), 
positive mean derivative (PMD) and positive derivative (PD). Finally, five fuzzy sets were proposed for the 
output variable “actuator”, labeled as maximum fan speed (MFS), regular fan speed (RFS), nothing (NT), 
regular movement of the stepper motor (RMM) and maximum movement of the stepper motor (MMM). 
Additionally, the RMM fuzzy set indicates that the stepper motor will move to the middle of its working 
range. The MMM fuzzy set indicates that the stepper motor will move to the end of its working range. 
Figure 3 and Tables 1, 2 and 3 show the dimensions and graphs of the fuzzy sets of the FLC variables. 
Figure 3(a) shows the fuzzy sets of the variable “error”, Figure 3(b) shows the fuzzy sets of the variable 
“derivative of the error’, and Figure 3(c) shows the fuzzy sets of the variable “actuator”. The characteristics 
and the action control of the process determined the shape and dimensions of the fuzzy sets. This manner, the 
FLC is activated with small changes in the humidity percentage. The MMM and MSF fuzzy sets of the 
output variable are larger, since, under extreme conditions (0% or 100% humidity), the actuators must 
operate at their maximum capacity. 
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Figure 3. Fuzzy sets of the FLC variables (a) error, (b) derivative of the error, and (c) actuator 


Table 1. Dimensions of the fuzzy sets of the variable “error” 
Set: NE Set: NME Set: ZE Set: PME Set: PE 
al=-50 bl=-50 cl=-25 a2=-50b2=-25 c2=0 a3=-25 b3=0 c3=25 a4=0 b4=25 c4=50 a5=25 b5=50 c5=50 
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Table 2. Dimensions of the sets of the variable “derivative of the error” 
Set: ND Set: NUD Set: ZD Set: PMD Set: PD 
a6=-50 b6=-50 c6=-5 a7=-50 b7=-5 c7=0 a8=-5 b8=0 c8=5 a9=0 b9=5 c9=50 al0=5 b10=50 c10=50 


Table 3. Dimensions of the sets of the variable “actuator” 
Set: MMM Set: RMM Set: NT Set: RFS Set: MFS 
all=0 bl1=20c11=40 al2=20 b12=40 c12=50 al3=40 b13=50 c13=60 al4=50 b14=60 c14=80 a15=60 b15=80 c15=100 


2.2. Fuzzification stage 

The first stage of the FLC is the fuzzification, which assigns the membership degree of an input 
variable to one or more fuzzy sets contained in the universe of discussion for that input variable [15]. To 
determine the membership function u(x), (3) and the data in Figure 4 must be used. The Figure 5 proposed to 
perform the fuzzification stage in the MATLAB™ script and on the Arduino Uno board. 


u(x) = Osixsa(x—-a)/(b—-a)siasx<b,(c—x)/(c—b)sibsx<c,0six=c (3) 
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Figure 4. Triangular fuzzy set and its equations to determine the membership function u(x) 


IF-THEN conditional statements are used to verify fuzzy sets, where the variables “error” and “derivate of the error” are located, (3) is 
used to determine the value of fuzzification, the variables b1, c1, b6, c6, NE, and DN are found in tables 1 and 2, and the variables “setE” 
and “setD” are the fuzzy sets where the variables “error” and “derived of the error” are found, respectively. 

% Fuzzification in the MATLAB script // Fuzzification on the Arduino UNO board 


ifet >=b1 && et<=cl % et: error if (et >=b1 && et <=cl) { llet: error, 

setE=NE; uxl=(cl-et)/(cl-b1); end %ux2: Membership function 1 setE=NE; uxl=(cl-et)/(cl-b1):} //ux1: Membership function 1 
if de >= b6 && de <= c6 %de: derivative of the error if(de >= b6 && de <=c6){ //de: derivative of the error 
setD=ND; ux2=(c6-de)/(c6-b6); end %ux2: Membership function 2 setD=ND; ux2=(c6-de)/(c6—b6):} //ux2: Membership function 2 


Figure 5. Implement the fuzzification stage 


2.3. Inference stage 

The inference stage uses a set of fuzzy rules, which relate the fuzzy sets of the input variables (the 
fuzzy sets of the input variables indicate the state of the process). The result of a fuzzy rule is a fuzzy set of 
the output variable (the fuzzy set of the output variable indicates the control action for the process). In this 
work, the fuzzy rules of the Mamdani type are used, which have the structure shown in (4) [16], [17]. The 
accuracy of the control action depends on the number of fuzzy sets used for the input and output variables, 
and the number of fuzzy rules depends on the number of fuzzy sets of the input variables. Table 4 shows the 
fuzzy rules used to control the percentage of humidity. The gray boxes indicate the absence of a fuzzy rule, 
since a process analysis was performed, and these rules are not needed to control the percentage of humidity 
in the bioreactor. Additionally, a membership function must be assigned to the output fuzzy set (result of the 
fuzzy rule). Mamdani inference is used, which is shown in (5) and uses the membership functions from the 
input fuzzy sets and selects the membership function with the minimum value. Finally, the inference stage 
determines the fuzzy sets used in the next stages of the FLC. 


IF xis A AND y is B THEN zis C (4) 
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Where x and y are the input variables, Z is the output variable, A and B are the fuzzy sets of the input 
variables, Cis a fuzzy set of the output variable, wC(x) is the membership function of the output fuzzy set C, 
and {4A(x), M(x) are the membership functions of input fuzzy sets. The Figure 6 proposed to perform the fuzzy 
rules and Mamdani type inference in the MATLAB™ Script and on the Arduino Uno board are shown as. 


Table 4. Knowledge base or fuzzy rules used to control the bioreactor 
derivative of the error 


error ND NMD ZD PMD PD 
NE MFS MFS MFS MFS RFS 
NME RFS RFS RFS 
ZE NT NT NT NT NT 
PME RMM RMM RMM 


PE RMM MMM MMM MMM MMM 


(4) is used to declare fuzzy rules. The variables “setE”, “setD”, “ux1”, and “ux2” were defined in the fuzzification stage, the variable 
“setA” contains the result of the fuzzy rule, the variable “uxout” is the membership function of the output fuzzy set. 


% Fuzzy Rules in MATLAB Script % Mamdani inference // Fuzzy Rules on the Arduino UNO board // Mamdani inference on 
if setE==NE && setD= = ND % in MATLAB Script if (setE= =NE && setD= =ND) { / the Arduino UNO board 
setA = MFS: end uxsout=min(ux1l,ux2);  setA = MFS; } uxout = min(ux1, ux2): 


Figure 6. Implement the inference stage 


2.4. Aggregation stage 

The inference stage can associate multiple membership functions u(x) for the same output fuzzy set. 
For this reason, the aggregation stage is used, which uses (6) to select the membership function u(x) with the 
maximum value, which will be the membership function of the output fuzzy set [18], [19]. 


uC(x) = max{uC1(x), wC2(x),..., CM (x)} (6) 


Where: uC(x) is the maximum membership function of output fuzzy set C, which will be used for 
defuzzification, and wC/(x), ..., uCM(x) are the membership functions defined for the output fuzzy set C. 
The Figure 7 proposed to perform the aggregation stage in the MATLAB™ Script and on the Arduino Uno 
board are shown as. 


The variable “fux1” is the membership function of the output fuzzy set, which will be used in the defuzzification stage, and the variables 
“uxal”, ..., “uxd1” are the membership functions defined for the same output fuzzy set. 


% Aggregation stage in MATLAB Script // Aggregation stage on the Arduino UNO board 
fuxl = max(uxd1, uxcl); fux1 = max(fux1, uxal); fuxl = max(uxd1, uxcl);  fuxl = max(fux1, uxal); 


Figure 7. Implement the aggregation stage 


2.5. Defuzzification stage 

Defuzzification is the last stage of the FLC, this stage is used to associate the output fuzzy sets with 
a numerical value, which will represent the output of the FLC. This value is used to operate the actuators and 
adjust the percentage of humidity in the bioreactor. The defuzzification value is determined using (7), which 
represents the centroid method. Therefore, the variables x1, ..., xn represent the values of the output variable, 
which are found within the output fuzzy sets. The variables w(x), ..., u(xn) are the membership functions of 
the values corresponding to xZ, ..., xn. The centroid method was used for defuzzification, since the basic 


operations of addition, subtraction, multiplication, and division are used for its implementation in software or 
hardware [20]. 


x1 (x1) + x2* (x2) +... + xn* u(xn)4 


Defuzzification = MEEA ENES 


(7) 
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The Figure 8 proposed to perform the defuzzification stage in the MATLAB™ script and on the Arduino 
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Uno board. Figure 9 shows the parts of the output fuzzy set. 


% Defuzzification in MATLAB Script 

fork=pl:1:p2 % Ist part of defuzzification 
x=xtl: %x=pl % values of the actuator variable 
mu = (x-a) / (b-a);  % membership function of "x" 
numl=numl+x*mu; denl=denl+mu: end 
fork=p3:1:p4 % 2nd part of defuzzification 
x=x-l; %x=p3 % values of the actuator variable 
% membership function of "x" 


mu = (c - x) / (c - b); 


num2 = num2 + x*mu; den2 = den2+mu; end 


for k= p2: 1: p3 
x=xtl; 


% 3rd part of defuzzification 


// Defuzzification on the Arduino UNO board 

for (k = pl; k <= p2; k++){ / Ist part of defuzzification 
x=xtl: //x=pl // values of the actuator variable 
mu = (x-a) / (b-a); // membership function of "x" 
numl=numl+x*mu; denl = denl+mu: } 

for (k = p3; k <= p4; k+4+){ // 2nd part of defuzzification 
x=x-l; //x=p3 // values of the actuator variable 
mu=(c-x)/(c-b); / membership function of "x" 
num2=num2+x*mu; den2 = den2+mu: } 

for (k = p2; k <= p3; k++){ // 3rd part of defuzzification 
x=xtl: 


// values of the actuator variable 
mu = fux1: // membership function of "x" 
num3 =num3+x*mu; den3 = den3+mu: } 
defuzzification = (num1+num2+num3) / (denl+den2+den3); 


%x=p2 % values of the actuator variable [| x=p2 
mu = fuxl; % membership function of "x" 
num3 = num3 + x*mu; den3 = den3+mu: end 


defuzzification = (num1+num2+num3) / (denl+den2+den3); 


Figure 8. Implement the defuzzification stage 
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Figure 9. Example of defuzzification 


3. EXPERIMENTAL AND SIMULATION RESULTS 

The simulation results of the FLC stages were carried out in the MATLAB™ script, which is a 
program file that can be used to execute a series of commands sequentially, [21]. In addition, the 
MATLAB™ script and the Arduino Uno board were used, since both platforms use the C/C++ language. 
Figure 10 shows the results of the FLC simulation, Figure 10(a) shows the fuzzification of the input variable 
“error”, Figure 10(b) shows the fuzzification of the input variable “derivative of the error’, and 
Figure 10(c) shows the defuzzification. For this test, the parameters were: a value of 10 for the variable 
“error”, a value of 15 for the variable “derivative of the error”, and a defuzzification value of 42.1 was 
obtained. Table 5 shows the experimental results and the simulation results, which are obtained from the 
implementation of the FLC in the MATLAB™ script, the Arduino Uno board, and fuzzy logic control™ 
(MATLAB™ tool to simulate the operation of a FLC). To analyze the results of the FLC, which was 
implemented in the Arduino Uno board and the MATLAB™ Script, the results of fuzzy logic control™ were 
used. Therefore, the results of the FLC on the Arduino Uno board and the MATLAB™ script have an error 
percentage of +1%, which represents a high degree of accuracy. This high degree of precision is obtained, 
since variables of type integer and floating point are used, and the control statements “/F-THEN” and “FOR” 
are used. Additionally, four digits were used after the decimal point in MATLAB™, and two digits after the 
decimal point in the Arduino Uno board, which allows obtaining similar results on both platforms. The 
controllability of the FLC is analyzed to determine if the control action will be carried out in a correct way in 
the bioreactor. Figure 11 (see in appendix) shows the control surface of the FLC for the different platforms. 
Figure 11(a) shows the control surface of the FLC implemented in fuzzy logic control™, Figure 11(b) shows 
the control surface of the FLC implemented in the MATLAB™ script, and Figure 11(c) shows the control 
surface of the FLC implemented on the Arduino Uno board. The control surface shows that the control in the 
bioreactor will be performed in a smooth manner and without sudden changes in increase or decrease the 
humidity percentage in the bioreactor. Finally, the control surface shows that the movement of the actuators 
will be smooth to avoid damage, errors, or failure of the system. 
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Figure 10. FLC simulation, (a) fuzzification: “error”, (b) fuzzification: “derivative of the error’, 
and (c) defuzzification 


Table 5. Fuzzy controller results in MATLAB™ script, Arduino Uno, and fuzzy logic control™ 


Input variables Defuzzification Percentage of error in the results 
error derivative of the Fuzzy Logic Script de Arduino Script de Arduino 
error Control™ MATLAB™ UNO MATLAB™ UNO 

50 10 20 19.9453 19.95 - 0.2735 - 0.2500 
40 - 10 24.9 24.8519 24.85 - 0.1931 - 0.2008 
30 5 31.2 31.2174 31.22 + 0.0557 + 0.0641 
20 -5 38.7 38.6829 38.68 - 0.0441 - 0.0516 

15 20 40.3 40.3133 40.31 + 0.0330 + 0.0248 

10 - 10 42.1 42.1026 42.10 + 0.0061 0 

5 - 10 44.7 44.7463 44.75 + 0.1035 +0.1118 

0 0 50 50 50 0 0 

-5 5 55.3 55.2537 55.25 - 0.0837 - 0.0904 
- 10 15 57.9 57.8974 57.90 - 0.0044 0 
-15 15 59.7 59.6867 59.69 - 0.0222 - 0.0167 
- 20 10 61.3 61.3171 61.32 + 0.5495 + 0.3425 
-30 - 10 68.8 68.7826 68.78 - 0.0252 - 0.0290 
- 40 - 20 75.1 75.1481 75.15 + 0.0640 + 0.0665 
- 50 5 80 80 80 0 0 


4. IMPLEMENTATION OF THE FUZZY CONTROLLER IN THE BIOREACTOR 

The FLC implementation was carried out on the Arduino Uno board. Its main technical data are: 
Atmega328P microcontroller, 32 KB Flash memory, 16 MHz clock speed, 14 digital inputs/outputs, 6 analog 
inputs with a resolution of 10 bits, 8 pulse width modulation (PWM) outputs, and its programming language 
is C/C++ [22]. So, 25850 bytes or 80% of the memory of the Arduino Uno board was used to implement the 
FLC. Additionally, 614 bytes of dynamic memory were used to store global variables, 1434 bytes were used 
to store local variables. The time processing was 5 mseg for one iteration. To have greater accuracy, many 
variables and control statements were used in the FLC processing. The Arduino Uno board was selected due 
to its low cost, and its programming language is easy. Also, this board is compatible for a wide variety of 
sensors and actuators. However, the main limitations of this board are the amount of memory and the number 
of pins, since limit the type and number of devices that can use to control a process. However, the FLC 
presented in this work can be implemented in other types of platforms such as FPGAs, PLCs, other 
microcontrollers, or application specific integrated circuit (ASIC). Finally, Figure 12 shows the elements 
used to control the bioreactor. Figure 12(a) shows the Arduino Uno board, Figure 12(b) shows the direct 
current (DC) motor and propellers, and Figure 12(c) shows the stepper motor and water tap. 
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(b) (c) 


Figure 12. Bioreactor elements, (a) Arduino Uno, (b) DC motor and propellers, and (c) stepper motor and 
water tap 


4.1. Control of the movement of the actuators 

A sequence of voltage pulses is used to control the speed and direction of rotation of the stepper 
motor, which is connected to a water tap to increase the percentage of humidity, and a PWM signal is used to 
control the angular speed of the DC motor, which is connected to propellers to reduce the percentage of 
humidity [23]. A linear interpolation is used to correlate the output value of the FLC and the movement of the 
actuators. The stepper motor advances 1.8° for each step, however, the stepper motor was set to advance 0.9° 
for each step, which increases the accuracy in the process. Therefore, the stepper motor has a working range 
of 180° or 200 steps. With this, the water tap connected to the stepper motor will move 180°. On the other 
hand, a PWM signal with a duty cycle of 60% to 100% is used, which represents the working range of the 
DC motor. This working range is used for the DC motor, since a PWM signal with a duty cycle of less than 
60% cannot modify the percentage of humidity in the bioreactor. Finally, the PWM signal and the voltage 
pulse sequence are designed and implemented in the Arduino Uno board. The Figure 13 used to control the 
movement of the actuators. 


A linear interpolation is used to determine the PWM signal for the DC motor and the position and direction of the stepper motor. “x” 
is the defuzzification value, “xa” and “xb” are the minimum value and the maximum value of defuzzification, respectively. “ya” is 
stepper motor home position or the minimum PWM signal, and “yb” is the working range of the stepper motor or the maximum PWM 
signal. 

// Stepper motor. // DC motor 

Xa=20; xb=50; ya=0; yb=180; / The pin used to generate the PWM signal must be defined 
MTP=yat((yb-ya)/(xb-xa))*(x-xa); // MTP: Stepper motor position void setup() {pinMode(3,OUTPUT); } 


APT=CPT; /! APT: Stepper motor anterior position. xa=50; xb=80; ya=60; yb=100; 

CPT =MTP; // CPT: Current position of the stepper motor. PWM = ya + ((yb — ya) / (xb — xa)) * (x — xa): 
NPS=ACP-MTP; // NMS: Number of steps of the stepper motor. // The value of the PWM signal is sent to the pin 
If(NPS<0){ /* motor rotates counterclockwise */ } // defined above. The following instruction is used. 
if(NPS>0) {/*motor rotates in the direction of the hands of the clock*/ analog Write( 3 , PWM ); 

} 


Figure 13. Control the movement of the actuators 


4.2. Bioreactor electrical system 

The design and simulation of the electrical system of the bioreactor was carried out in Proteus 
software, which is a software for the design of electrical circuits. Figure 14 shows the electrical system of the 
bioreactor, which is made up of the Arduino Uno board, FC-28 sensor, L298N module, PM K031 P1V-17 
stepper motor, DC motor, TIP41 transistors, and 220 Q resistors. The operation of the electrical system is as 
follows, the analog inputs of the Arduino Uno board were used to connect the FC-28 sensor, which is used to 
read the percentage of humidity in the bioreactor. Then, the Arduino Uno board executes the FLC, which 
determines the control action. Finally, the actuators adjust the percentage of humidity in the bioreactor. The 
bioreactor structure was designed in SOLIDWORKS. Figure 15 shows the design for the construction of the 
bioreactor, and the bioreactor put into operation. Figures 15(a) and 15(b) show the bioreactor design, which 
was made in SOLIDWORKS. Figures 15(c), 15(d) and 15(e) show the operation of the bioreactor, that is, the 
FLC is used to control the percentage of humidity of the bonsai. Finally, the environmental conditions do not 
affect the operation of the Arduino Uno board, since this board can operate in a temperature range of -40 °C 
to +125 °C. Additionally, the electronic system could be placed away from the bioreactor in case the 
environmental conditions affect its operation. 
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Figure 14. Electrical system of the bioreactor 


(a) (c) 


Figure 15. Design of the bioreactor (a) isometric view of Bioreactor in operation, (b) top view of Bioreactor 
in operation, (c) bioreactor structure, (d) electric system, and (e) control of the humidity percentage of the 
bonsai 


5. RESULTS 

On the other hand, the initial configuration of the bioreactor was 2% humidity percentage, and the 
desired humidity percentage is 50%. Figure 16 shows the results of the control of the percentage of humidity 
of the bioreactor. Figure 16(a) shows the variation of the humidity percentage during the execution of the 
FLC, and as time passes, the humidity percentage is adjusted until the desired humidity percentage is 
reached. Additionally, a maximum error of +3% was obtained in the percentage of humidity of the 
bioreactor. Figure 16(b) shows the mean square error (MSE) of the FLC for the configuration mentioned 
above. Additionally, the control system takes 12 seconds to converge, that is, the percentage of humidity in 
the bioreactor has the minimum error with respect to the percentage of humidity desired. Figure 16(c) shows 
that the stabilization time is 12 seconds for an initial humidity percentage of 2%. Figure 16(d) shows that the 
stabilization time is 5 seconds for a percentage of initial humidity of 40%. On the other hand, to reach the 
desired humidity percentage of 50% with an initial humidity percentage of 2%, 35 iterations of the fuzzy 
controller are required as can be seen in Figure 16(e). Additionally, to reach the desired humidity percentage 
of 50% with an initial humidity percentage of 40%, 12 iterations of the fuzzy controller are required as can be 
seen in Figure 16(f). Finally, the stepper motor advances one step every 5 milliseconds, and in each iteration 
of the fuzzy controller, the number of steps of the stepper motor must be determined. 


5.1. Comparison of the fuzzy controller proposed with other control systems 

Different control systems such as PID control, fuzzy control, intelligent sensors and actuators, the 
Ziegler Nichols model, personal computers equipped with some software (for example, LabView), and 
artificial neuronal networks have been used for the control of some variable in a bioreactor. Also, it has been 
observed that control strategies based on artificial neural networks require extensive training data to learn the 
model of complex nonlinear systems, in addition, the accuracy of the process depends on the number of 
artificial neurons, which increases the complexity of the control system. Also, a PID control is a system 
prone to oscillation and the adjustment of its parameters is sometimes a complex task. Different 
investigations have been carried out, which makes the comparison of different control techniques for 
bioreactors. However, a fuzzy control is the most stable and adequate since it has a shorter settling time and 
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less complexity, which have been showed in different experimental results that confirm the greater 
effectiveness of fuzzy control compared with other control systems [24]-[26]. 
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Figure 16. Bioreactor results, (a) humidity, (b) MSE, (c) settling time for a humidity percentage of 2%, 
(d) Settling time for a humidity percentage of 40%, (e) Iterations of the FLC for the bioreactor to converge 
with a humidity percentage of 2%, and (f) iterations of the FLC for the bioreactor to converge with a 
humidity percentage of 40% 


6. CONCLUSION 

In this work, the humidity percentage is controlled in a bioreactor, used to grow bonsai. The control 
of the humidity percentage was carried out with a FLC. For this, an algorithm was proposed for its 
implementation both in software and hardware. The analysis and simulation of the FLC was performed in the 
MATLAB™ script, using the four basic math operations (addition, subtraction, division, and multiplication) 
and control statements (IF-THEN and FOR). The fuzzy controller was implemented on the Arduino Uno 
board. The experimental results obtained on the Arduino Uno board and in the MATLAB™ script have an 
error rate of +1%. To determine this error, the results were compared with the results of the Fuzzy Logic 
Control™ tool. The time processing of the FLC on Arduino Uno board is 5 milliseconds. A sensor is used to 
measure the percentage of humidity with a resolution of 10 bits which is the same for the input and output 
variables of the FLC, to increase accuracy and reduce the error in the process. Also, the design of the 
actuators was carried out with the greatest possible precision. Consequently, a 3% bioreactor humidity 
percentage error was obtained, and the convergence time for the worst case is 50 seconds. 


Int J Elec & Comp Eng, Vol. 12, No. 3, June 2022: 2465-2476 


Int J Elec & Comp Eng ISSN: 2088-8708 O 2475 


APPENDIX 


100 ~ 
80 


60 


actuator 


404— 


actuator position 


204 


0.L 
-50,7 
25 OS 


se o 25s 50 
550 59 25 0 25 
derivative-of-the-error error derivative of the error error 
(a) a 
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